Soonchan Park and Joon Jang contributed equally to this work.
Introduction
Chemical exchange saturation transfer (CEST) imaging is, which is a recently developed MRI contrast approach for imaging molecules and proteins in the body. 1) The technique helps indirectly detect low-concentration compounds with exchangeable protons via the varying bulkwater proton signal from saturation transfer. [2] [3] [4] The basic principle of CEST MRI involves selectively saturating an exchangeable solute proton that resonates at a frequency different from that of the bulk-water proton by applying a radiofrequency (RF) pulse. 5) This saturated solute proton is subsequently exchanged with a bulk-water proton, and the solute proton is replaced by a non-saturated water proton, since the number of bulk-water protons is much greater than that of solute protons. This phenomenon slightly reduces the water signal intensity. If the saturation time is sufficiently long, the RF pulse enhances this signal attenu-140 www.ksmp.or.kr ation from the saturation effect, which eventually becomes quantifiable by measuring the decreased water signal, thereby allowing indirect imaging of low-concentration solutes. The frequency-dependent saturation effects are visualized as a signal loss at a specific frequency, known as a Z-spectrum 6) or CEST spectrum. The saturation effects are asymmetric with respect to the water resonance frequency and can be quantified by performing an asymmetry analysis, wherein the water signals from either side of the Z-spectrum are subtracted from each other. A CEST asymmetry map called the magnetization transfer ratio asymmetry (MTR asym ) map is generally used to evaluate the CEST effects.
Targeted, endogenously exchangeable, solute protons already exist in molecules within the human body, including amide (-NH), amine (-NH 2 ), guanidine ([NH 2 ] 2 ), and hydroxyl (-OH) groups, with optimal exchange properties under physiological conditions. 7) Unlike exogenous CEST sources, endogenous CEST sources do not lead to problems associated with injection or toxicity. Moreover, if the properties of certain endogenous CEST sources change in a specific disease state, they can serve as useful imaging biomarkers for the early diagnosis of diseases. For example, amino acids contain amide, amine, guanidine, and/or hydroxyl protons that are constituents of amyloidbeta proteins, which accumulate in the brains of patients with Alzheimer's disease. 8, 9) Furthermore, the levels of myo-inositol, which is a metabolite in the brain containing hydroxyl protons, have been reported to be greater in the brains of patients with Alzheimer's than in the brains of healthy control subjects. 10) Thus, CEST MRI can play a key role in investigating brain changes in patients with neurodegenerative diseases. However, brain degeneration results in tissue loss, 11) leading to perivascular spaces, which are usually replaced by cerebrospinal fluid (CSF). Owing to the contribution of the CSF signal, the CEST asymmetry value is usually high near the ventricular area or the perivascular space, because the CSF effects tend to give higher signals particularly near the direct water saturation frequency. 4) Therefore, obtaining accurate CEST effects on the gray and white matter is difficult because of the contribution of CSF in the elderly human brain. 12) No study has investigated the contribution of CSF to CEST signals in the brain of an elderly subject.
The objective of this study, therefore, was to evaluate the CEST asymmetry with and without the contribution of CSF signals in the elderly human brain using two different 3T MRI sequences. We hypothesized that the CEST asymmetry value without masking the CSF signals (unmasked condition) would be greater than that with masking (masked condition).
Materials and Methods

Subjects
This study was approved by the ethical committee of the Institutional Review Board of Kyung Hee University Hospital at Gangdong (No. 2015-02-006-001). Written informed consent was obtained by all participants enrolled. Twenty subjects were studied using two different sequences. Ten subjects (Group I) were scanned with a three-dimensional (3D)-segmented gradient-echo echo-planar imaging (EPI) sequence to obtain full Z-spectrum signals using a 3T MRI system (Achieva 3.0T; Philips, Amsterdam, Netherlands).
All the subjects were woman. Ten other subjects (Group II) were scanned with a 3D gradient and spin-echo (GRASE) sequence to obtain full Z-spectrum signals using another 3T MRI system (Ingenia 3.0T; Philips). In this group, eight were women and two were men. The subjects were recruited for optimizing the CEST MRI techniques employed in Kyung Hee University Hospital at Gangdong to ultimately apply this technique for imaging the brain of patients with Alzheimer's disease. Table 1 lists the characteristics of the subjects and the CEST signal acquisitions.
MRI acquisition
The first full Z-spectrum data were acquired with the 3Dsegmented gradient-echo EPI sequence 13) using an eight- The second full Z-spectrum data were acquired with the 3D GRASE sequence 14) by using a 32-channel SENSE coil.
To induce CEST saturation exchange, we set the B 1 amplitude as 2 μT; the saturation pulse duration as 200 ms with a 10-ms interval between the pulses; and the number of saturation pulses as 4. Therefore, the total saturation length was 0.83 seconds. We obtained the full Z-spectrum via 37 dynamics at offset frequencies ranging from -5.00 ppm to 5.00 ppm with an alternatively increased frequency interval of 0.25 ppm at offset frequencies ranging from ±0.25 ppm to ±4.00 ppm and thereafter acquired the images at offset frequencies of ±4.5 ppm and ±5.0 ppm. The first acquired image was the reference image S 0 at -40 ppm, and the second acquired image was taken at an offset of 0 ppm with respect to the direct saturation of water. The imaging parameters were as follows: TR/TE=2200/16 ms; acquisition matrix=104×92; acquisition voxel size=2×2×8 mm 3 ; reconstruction matrix size=1×1×4 mm 3 ; FA=90°; SENSE factor=2 for the anterior-posterior direction and 1 for the right-left direction; turbo spin-echo (TSE) factor=23; EPI factor=7; number of slices=23; and imaging orientation=transverse.
The scan time was 509 seconds.
Finally, for image registration and brain-tissue segmentation, sagittal structural 3D T1-weighted (T1W) images were acquired with the magnetization-prepared rapid acquisition of the gradient echo sequence with the following parameters: TR=8.1 ms; TE=3.7 ms; FA=8°; FOV=236×236 mm 2 ; and voxel size=1×1×1 mm 3 . In addition, T2-weighted TSE and fluid-attenuated inversion recovery images were acquired to examine any brain malformations.
Pre-processing of the full Z-spectrum for CSF signals analysis
The MRI data were analyzed using MATLAB (http:// www.mathworks.com) (MathWorks, Natick, MA, USA) and
Statistical Parametric Mapping Version 12 (SPM12) (http:// www.fil.ion.ucl.ac.uk/spm/) (Wellcome Trust Centre for Neuroimaging, London, UK). Fig. 1 shows the pre-processing steps of the 3D T1W and full Z-spectrum images. First, the 3D T1W and full Z-spectrum images were co-registered.
Second, the 3D T1W images were segmented into gray and white matter using the CAT12 toolbox (http://www.neuro.
uni-jena.de/cat/) (Structural Brain Mapping Group, Jena, Germany) to obtain brain-tissue compartments. Third, the co-registered full Z-spectrum images for each subject were spatially normalized into a Montreal Neurological Institute (MNI) brain template using the subject's deformation field information obtained from the brain-tissue-segmentation step of the 3D T1W image. Finally, the CSF signal in the full Z-spectrum images was masked using information from the segmented gray-and white-matter tissue compartments to evaluate the full Z-spectrum images while minimizing the contributions of the CSF signals. We only included voxels that had more than 50% gray and white matter because voxels with more than 50% CSF are usually of no interest in some clinical evaluations. After this preprocessing step, we obtained the MTR asym map, which is the CEST asymmetry map.
Mapping of MTR asym from full Z-spectrum data
We created two sets of MTR asym maps for each offset frequency for each subject using the pre-processed full Zspectrum data in the masked and unmasked conditions by employing the following steps. The spatially normalized full Z-spectrum images in the masked and unmasked conditions were divided by the reference image S 0 obtained at an offset frequency of -40 ppm. To determine the offset frequency for the minimum signal, the B 0 inhomogeneity correction step was performed using the 10th degree polynomial fitting, 15) assuming that the actual water resonance was at the frequency with the lowest signal intensity and excluding the fat-dominate voxels. The water resonance frequency was estimated as the frequency with the lowest signal intensity from the fitted curve and shifted along the direction of the offset axis to 0 ppm at its lowest intensity on a voxel-by-voxel basis. The MTR asym maps with respect to the water frequency under the masked and unmasked conditions were obtained using the following equation: 3, 16 )
Here, Δω is the frequency difference with respect to water, S sat is the signal with the saturation pulse, and S 0 is the signal observed without any saturation pulse. Usually, the CEST effect from the solute protons is detected at a frequency lower than 6 ppm with respect to water. We used the MTR asym maps obtained at 0.86, 2.14, 3.00, and 3.43 ppm for the 3D-segmented gradient-echo EPI data and those obtained at 1, 2, 3.0, and 3.5 ppm for the 3D GRASE data.
Statistical analyses of MTR asym maps
The MTR asym maps obtained in the masked and unmasked conditions for each subject were smoothed using a Gaussian smoothing kernel at a full-width half maximum 1 . Processing steps of the full Z-spectrum data to map magnetization transfer ratio asymmetry (MTR asym ). For pre-processing, we included co-registration between the three-dimensional (3D) T1-weighted (T1W) and full Z-spectrum images, brain-tissue segmentation of the 3D T1W image, and spatial normalization of the co-registered full Z-spectrum images. In the normalized full Z-spectrum images, the cerebrospinal fluid (CSF) signals were masked. The MTR asym maps were calculated after B 0 correction. Finally, statistical analyses were performed to compare the MTRasym maps obtained with and without masking the CSF signals. MNI, Montreal Neurological Institute; WM, white matter; GM, gray matter. Fig. 2 shows the representative MTR asym maps acquired at four offset frequencies with the 3D-segmented gradientecho EPI sequence. Fig. 3 shows the ones with the 3D GRASE sequence from the levels of the ventricle and cortex in the brain. Overall, the MTR asym values were higher in the unmasked condition than in the masked condition, particularly for the periventricular white matter, areas near the perivascular space, and the ventricle. In addition, the MTR asym map obtained with the 3D GRASE sequence seems to be overestimated compared with that obtained with the 3D-segmented gradient-echo EPI sequence.
Results
Voxel-based analysis
In the 3D-segmented gradient-echo EPI sequence, the MTR asym values in the unmasked condition were higher than those in the masked condition at offset frequencies of 0.86 ppm and 2.14 ppm ( Supplementary Fig.1 ). However, the MTR asym values in the unmasked condition were higher or lower than those in the masked condition at 3 ppm and 3.43 ppm frequencies as listed in Supplementary Table 1 , and cortex levels (b) with the three-dimentional gradient and spin-echo sequence. The MTR asym maps were obtained at offset frequencies of 1.0, 2.0, 3.0, and 3.5 ppm. In the MTR asym map, the color bar indicates the MTR asym value in percentage. In general, the MTR asym values for the areas of the brain were higher without masking the CSF signals (unmasked condition) than that with masking (masked condition).
which summarizes the result of the voxel-based comparisons of the MTR asym maps between the masked and unmasked conditions in the 3D-segmented gradient-echo EPI sequence.
For the 3D GRASE sequence, only a few areas showed significant differences in the MTR asym values between the two conditions. The MTR asym values were greater in the unmasked condition than in the masked condi- 
ROI-based analysis
Discussion
The perivascular space widens with the loss of brain-tissue. We investigated the MTR asym values in elderly subjects after masking the CSF signals in the brain. The MTR asym values for certain brain areas were significantly different between the masked and unmasked conditions at the amide and amine offset frequencies. The difference depended on the sequence type used.
CSF signals affect MTR asym values
We found significant contributions of the CSF signals to the MTR asym map, which overestimated the MTR asym values in the elderly human brain. The MTR asym values were altered with the masking of the CSF signals, irrespective of the saturation offset frequency with respect to water. In elderly subjects, the overestimation of the MTR asym values due to the changes in the CSF signals could be attributed to brain atrophy, which results in widening of the perivascular spaces, which are basically CSF spaces. To obtain accurate CEST effects in the elderly brain, the CSF signal should be masked either using some post-processing technique or using some data acquisition method, e.g., an inversion-recovery preparation. This corrected MTR asym value might be valuable for evaluating brain metabolites in patients with neurodegenerative diseases. 17, 18) For the amide and amine protons, the results of the ROI-based analyses showed that the MTR asym values for the thalamus were not significantly different between the two conditions for both the sequences, whereas the values were significantly different for the precuneus. Several previous studies have reported brain atrophy at the precuneus in elderly subjects, but not at the thalamus. 11) Our result, therefore, showed that the difference in the MTR asym values between the two conditions could be related to CSF contributions in the CEST signals rather than to an artifact. Some regions showed a difference in the MTR asym values between the unmasked and masked conditions only at the hydroxyl offset frequency.
This indicates that it is difficult to accurately measure the MTR asym value at this offset frequency using a 3T MRI system because of the proximity to water.
CSF contribution to MTR asym value depends on the acquired sequence type
The MTR asym values acquired using the two sequences were sensitive to the contribution of the CSF signals. For the 3D-segmented gradient-echo EPI sequence, we used a relatively lower power saturation pulse than that used for the 3D GRASE sequence. At the amide offset frequency, the MTR asym values were significantly different between the two conditions for BA10, BA21, and precuneus in the case of the EPI sequence, but for BA10, tonsil, declive, and precuneus in the case of the GRASE sequence. At the amine offset frequency, the MTR asym values were significantly different between the two conditions only for BA10 and BA21 with the EPI sequence, but at all the ROIs except the thalamus with the GRASE sequence. These differences could be attributed to the fact that the 3D GRASE sequence more strongly reflects the effect of the CSF signal than the 3D EPI sequence. The GRASE sequence is used in multiple spin-echo pulses. Another probable reason more ROIs showed significant differences between the masked and unmasked conditions in the GRASE sequence than they did in the segmented EPI sequence would be the quality of the full Z-spectrum. The full Z-spectrum with the 3D GRASE sequence was much broader than that with the 3D EPI sequence. It may be necessary to evaluate the MTR asym value using a relatively low B 1 power of the saturation pulse for the 3D GRASE sequence, which may slightly increase the sharpness of the full Z-spectrum; however, a previous study showed that the full Z-spectrum with a B 1 amplitude of 1 μT was still broad. 19 ) When using a low B 1 power, the effect of the contribution of CSF signals to the MTR asym value may therefore be similar to that in this study. Nevertheless, further studies with different types of pulse sequences should be performed to validate these findings.
Study limitations
First, we only evaluated the full Z-spectrum data acquired using a pulsed-saturation RF preparation. 20, 21) Because saturation with a continuous-wave RF pulse is more effective than that with the pulse-wave RF, the effect of CSF signals on the full Z-spectrum data needs to be evaluated.
However, a continuous-wave RF pulse for saturation cannot be generated on most clinical scanners owing to hardware limitations. Second, in this study, the B 1 amplitude was not optimized for amide protons or amine because we did not target one specific proton. The saturation preparation depends only on the B 1 amplitude and saturation duration. A low power is recommended for the saturation of amide protons, but a relatively high power is recommended for the saturation of amine protons. For the 3D GRASE sequence, the B 1 power for the saturation transfer may have been too high because the full Z-spectrum obtained was broad. Third, the B 0 correction method using the 10th degree polynomial fitting may not be optimal. Each voxel has a small difference in precession frequency due to structural susceptibility, which is particularly significant at high magnetic fields. 5) B 0 inhomogeneity leads to a shift in the water resonance frequency, resulting in direct asymmetric water saturation effects, and thus, artificial CEST effects in an asymmetry analysis. A better method may have to be applied for correcting the B 0 inhomogeneity. 4, 15) Fourth, we used the MTR asym maps obtained at 0.86, 2.14, 3.00, and 3.43 ppm for the 3D-segmented gradient-echo EPI data and those obtained at 1, 2, 3.0, and 3.5 ppm for the 3D GRASE data. The slight differences in the offset frequencies in the two sequences may not represent the same exchangeable protons for both measurements. In this study, we did not focus on evaluating the interpretation method after field inhomogeneity correction. Finally, we included a relatively small population in this study. Further large-scale studies should be conducted to validate our observations.
Conclusions
Depending on the sequence type, the MTR asym values can be overestimated for some areas of the elderly human brain if CSF signals are unmasked. Therefore, to obtain accurate MTR asym values in elderly subjects, it is necessary to apply method to minimize the contribution of CSF signals on the full Z-spectrum. In other words, the increased MTR asym values in the case of Alzheimer's disease due to increased CSF signal intensity can be used as an imaging biomarker.
